We have previously established immortalized cells (HCF) from cementifying fibroma of the jaw bone. Here, we found that the receptor for hyaluronan (HA)-mediated motility (RHAMM) and epiregulin, a ligand for the epidermal growth factor receptor (EGFR), were highly expressed in HCF cells in comparison with osteoblasts by conducting a microarray analysis. The cell growth of HCF cells was significantly decreased by the knockdown of RHAMM using small interfering RNA (siRNA). RHAMM was associated with extracellular signal-regulated kinase (ERK) and essential for ERK phosphorylation. HCF cells had characteristic growth mechanisms in which epiregulin functions in an extracellular autocrine loop. Interestingly, exogenous HA induced the phosphorylation of EGFR, which was mainly dependent on CD44. The results raise the novel idea that the EGFR may activate Raf-MEK-ERK signaling in response to the binding of HA to CD44. Moreover, RHAMM was able to associate with TPX2 in the nucleus and was required for HA-induced activation of the Aurora A kinase. The results suggest that RHAMM has a predominant role in the cell cycle in HCF. Here, we report the new machinery by which RHAMM/ERK interaction induces the proliferative activity of cementifying fibroma cells via a specific signaling pathway through the CD44-EGFR axis. Benign fibro-osseous diseases in the oral and maxillofacial regions can be divided into three categories: fibrous dysplasia, osseous dysplasia, and cementifying (ossifying) fibroma.
Benign fibro-osseous diseases in the oral and maxillofacial regions can be divided into three categories: fibrous dysplasia, osseous dysplasia, and cementifying (ossifying) fibroma. 1, 2 Cementifying fibroma is composed of fibrous tissue containing varying amounts of mineralized tissues resembling cementum or bone. Recently, we established immortalized cell lines (HCF) from human cementifying fibroma of the jaw. 3 We performed the double transfection of simian virus-40 (SV40) T-antigen and h-TERT to obtain the immortalized cells. 3 The mechanisms of cellular differentiation and proliferation in cementifying fibroma cells have not been elucidated. To identify the characteristic gene expression in HCF cells, a microarray analysis was performed. We found that several genes were highly expressed compared with normal human osteoblasts. Among them, we found that the receptor for hyaluronan (HA)-mediated motility (RHAMM) was highly expressed in HCF cells.
RHAMM has been identified as a cell-surface receptor for HA. [4] [5] [6] [7] Human RHAMM cDNA was cloned and contained 725 amino acids that encoded an 85-kDa protein. 4 Other HA-binding proteins have been identified, and CD44 has been characterized as a molecularly distinct cell-surface receptor for HA. [8] [9] [10] HA is a glycosaminoglycan composed of repeating disaccharide units of D-glucuronic acid and N-acetyl-Dglucosamine and an important component of the extracellular matrix. 11 HA has been reported to stimulate proliferation in various types of cells. [12] [13] [14] [15] The binding of HA to RHAMM generates transmembrane signals that trigger signaling cascades leading to cytoskeletal rearrangements. 9 RHAMM seems to mediate HA-stimulated proliferation and migration not only in vascular smooth muscle cells but also in tumor cells. [16] [17] [18] The cell growth mediated by RHAMM is considered to occur via signaling events leading to the phosphorylation of several intracellular proteins. 19 Moreover, RHAMM is thought to control extracellular signal-regulated kinase (ERK), which has a significant role in cell motility and cellular proliferation. 20, 21 However, the mechanisms by which RHAMM controls signal transduction in mammalian cells have not been fully elucidated. Recently, we identified that RHAMM was overexpressed in oral squamous cell carcinomas. 22 The overexpression of RHAMM has also been observed in other types of cancers. [23] [24] [25] In oral squamous cell carcinomas, RHAMM expression was correlated with the expression of TPX2 (targeting protein for X. laevis kinesinlike protein 2), encoding a protein which is required for the formation of microtubules at kinetochores in mammalian cells. 22 RHAMM interacted with TPX2 in multiple myeloma cells. 26 TPX2 initiates spindle assembly by activating the Aurora A kinase in a microtubule-dependent manner. 27 Collectively, previous research indicates that RHAMM has an initial role in regulating the integrity of mitotic-spindle assemblies in concert with TPX2 and induces cellular proliferation under malignant conditions. However, the initial biological behavior of RHAMM has not been fully investigated in benign tumors including cementifying fibroma.
In an effort to clarify the possible and specific growth mechanism in cementifying fibroma, we have further focused on the expression of epiregulin, a novel ligand of the epidermal growth factor receptor (EGFR). 28 The binding of this ligand to the EGFR promotes activation of the tyrosine kinase function. Subsequently, autophosphorylation of the receptor activates signaling pathways that regulate proliferation and cell survival. We identified the participation of extracellular epiregulin autocrine loops involving the EGFR in promoting Raf-MEK-RHAMM/ERK signaling in HCF cells. In this paper, we report the identification of a specific growth mechanism in HCF cells and highlight the novel signaling through RHAMM/ERK interaction.
MATERIALS AND METHODS Cell Culture
Immortalized HCF cell lines were established by co-transfection with SV40 T-antigen and h-TERT. 3 We used one clone of the HCF cell lines in this study. The HCF cells were maintained in a-modified Eagle medium (a-MEM; Sigma) supplemented with penicillin/streptomycin and 10% heatinactivated fetal bovine serum (FBS; Invitrogen) under 5% CO 2 in air at 37 1C. They were then cultured with the same medium and used for the following analyses. TK-1 and SK-1 cells were human osteoblasts obtained from normal human mandibular bone and cultured with a-MEM. HF-1 cells were fibroblastic cells previously established from normal human gingiva in our laboratory. GT-1 cells were human gingival fibroblasts immortalized by transfection with h-TERT. 29 These cells were maintained in DMEM supplemented with penicillin/streptomycin and 10% heat-inactivated FBS under 5% CO 2 in air at 37 1C. The culture medium was changed every 3 days. To determine the effects of HA or epiregulin, HCF cells were plated into six-well plates at a density of 5 Â 10 4 cells/ml and allowed to attach for 24 h. To determine the effect of HA, HCF cells were incubated with a synthesized 160-kDa HA (Hyalose). To examine the effect of exogenous epiregulin, cells were exposed to medium containing 100 ng/ ml of a recombinant epiregulin (R&D Systems). To ascertain the effect of HA or epiregulin, cells were exposed to the medium with 1% FBS. Cells were trypsinized, and the number of cells was counted using a cell counter (Coulter Z1; Coulter). Anti-EGFR antibody (Thermo Fisher Scientific) was used for blocking EGF/TGF-induced activation. EGFR inhibitor (Calbiochem) for blocking the tyrosine kinase activity of EGFR was used at a final concentration of 10 mM.
Staining for Mineralization
Mineralization of the cells was also examined by staining with 1% Alizalin red S (Wako Pure Chemicals Industries). After reaching confluence, cells were cultured for 3 more weeks in the presence of 15 mM b-glycerophosphate and 100 mg/ml ascorbic acid, and the activity to form a mineralized matrix was examined. Alizalin red S-stained samples were examined under a dissecting microscope to identify calcium phosphate deposits. The stain was extracted with 10% cetylpyridium chloride in 10 mM sodium phosphate. The absorbance at 575 nm was read using a Microplate reader model 680 (Bio-Rad).
Quantitative RT-PCR Analysis
The quantification of mRNA levels was carried out using a real-time fluorescence detection method. The fluorescence was detected by the laser detector of a Line Gene Fluorescent Quantitative Detection System (Bio Flux), and detection was carried out by measuring the binding of a fluorescence dye, SYBR Green I, to double-stranded DNA. The reaction mixture contained 1.0 mg of cDNA, 10 ml of SYBR Green PCR Master Mix (Toyobo), and 10 pmol of each pair of oligonucleotide primers. The primer sequences were: RHAMM; 5 0 -TCATCATTACAGGAAGAAGCG-3 0 (sense), 5 0 -CTGTTGC TTGAGTTGGTTCTG-3 0 (antisense), and G3PDH; 5 0 -ACCAC AGTCCATGCCATCAC-3 0 (sense), 5 0 -TCCACCACCCTGTGG CTGTA-3 0 (antisense). The primer sequences for alkaline phosphatase (ALP) were described previously. 30 The PCR program was as follows: initial melting at 95 1C for 30 s followed by 40 cycles at 95 1C for 15 s, 55 1C for 10 s, and 72 1C for 15 s. The quantification of mRNA expression relative to an internal control, G3PDH, was performed by the DCt method. 31 
Microarray Analysis
The microarray analysis was performed with a Human 35K Oligo DNA Micro Array (Filgen) containing 34 580 gene spots of 70-mer oligonucleotides. Hybridization was performed for 16 h at 42 1C in 80 ml of a solution containing 5 Â SCC, 0.1% sodium dodecyl sulfate (SDS), 10% formamide, and heat-denatured labeled cDNA. The fluorescence images of Cy3 and Cy5 were obtained with a GenePix 4000B Characterization of cementifying fibroma cells H Hatano et al scanner (Axon Instruments). The equation was revised based on an average of the intensity on one filter (global normalization) using an Array-ProAnalyzer (Media Cybernetics), and normalization of the experiments was performed with the Lowess method. 32 Western Blotting Protein concentrations were measured using the protein assay reagent (Bio-Rad). Protein samples (10 mg) were solubilized in sample buffer by boiling, subjected to SDSpolyacrylamide gel electrophoresis (PAGE) followed by electorotransfer onto a nitrocellulose filter (Schleicher & Schuell). We detected the band on western blotting using enhanced chemiluminescence (ECL) western blotting reagent (GE Healthcare). Images were captured with a cooled CCD camera system (LAS-4000) from Fujifilm. An anti-human epiregulin mouse monoclonal anti-body (Chemicon), antihuman RHAMM goat polyclonal anti-body (Santa Cruz Biotechnology), anti-human ERK1/2 rabbit polyclonal antibody (Cell Signaling Technology), anti-human MEK1/2 rabbit polyclonal antibody (Cell Signaling Technology), anti-human Raf-1 rabbit polyclonal antibody (Cell Signaling Technology), anti-human Aurora A/B rabbit polyclonal antibody (Cell Signaling Technology), anti-human phosphorylated-Aurora A/B (Thr 288/Thr 232) rabbit polyclonal antibody (Cell Signaling Technology), anti-human TPX2 monoclonal antibody (Santa Cruz Biotechnology), anti-human CD44 monoclonal antibody (Santa Cruz Biotechnology), and anti-human phosphorylated EGFR (Tyr 1068) rabbit polyclonal antibody (Cell Signaling Technology) were used.
Immunoprecipitation Assay HCF cells were treated with or without 100 mg/ml HA for 1 h. Antibodies were allowed to bind to protein A-Sepharose (Sigma-Aldrich) and then incubated with equal amounts of protein (0.5 mg of total protein in 400 ml) for 12 h at 4 1C. Beads were washed three times with PBS. Each pellet was boiled in 20 ml of SDS-polyacrylamide gel electrophoresis sample buffer at 95 1C for 3 min, and the entire volume was loaded onto a gel for western blotting.
Small Interfering RNA The Stealtht small interfering RNA (siRNA) for RHAMM (BC108904) and the negative control siRNA were purchased from Invitrogen. HCF cells were transiently transfected with the indicated combinations of the siRNAs using Lipofectaminet 2000 transfection reagent (Invitrogen), according to the manufacturer's recommendations. Two independent RNA oligos were used for the knockdown of RHAMM in order to rule out off-the-target effects. We confirmed the same results of each experiment using two independent siRNAs.
Hyarulonan-Binding Assay
Hyarulonan-binding assay was performed to determine whether RHAMM can bind HA as described previously. 33 Cell lysate was centrifuged, and aliquots (100 ml) were mixed with 50 ml of GAG (40 mg of HA, chondroitin sulfate, dermatan sulfate, heparin sulfate, heparin, and dermatan sulfate). After incubation at room temperature for 1 h, 350 ml of 1.4% cetylpyridinium chloride (CPC) was added to the mixture of lysate and GAG. After incubation for 1 h, the mixture was centrifuged at maximum speed for 15 min. The pellets were washed with 1% CPC containing 20 mM NaCl and dissolved in SDS-polyacrylamide gel electrophoresis sample buffer at 95 1C for 3 min. The supernatant was analyzed by western blotting. GAG was used as a negative control for the western blotting.
Immunofluorescence Microscopy HCF cells were seeded onto glass Lab-Tek II Chamber Slides (Thermo Fisher Scientific) at a density of 5.0 Â 10 4 cells/well and incubated for a day. The cells were exposed to medium containing HA (100 mg/ml) for 1 h. The growth medium was then removed, and cell monolayers were washed three times with a 10% PBS solution and fixed with 3.5% paraformaldehyde for 10 min at room temperature. Cells were washed three times with PBS and permeabilized by Triton X-100 (0.2%, 10 min at room temperature). Nonspecific binding sites were blocked by treatment at room temperature for 30 min with PBS containing 1% BSA. The cells were washed three times with PBS and incubated with anti-RHAMM mouse monoclonal antibody (MONOSAN) (1:100)/anti-TPX2 rabbit polyclonal antibody (Lifespan Biosciences) (1:100) in PBS with 1% BSA, for 60 min at room temperature. RHAMM staining was revealed by incubation with an Alexa-Fluor dye-labeled goat anti-mouse antibody (1:40; Invitrogen) for 60 min at room temperature. TPX2 staining was revealed by incubation with an Alexa-Fluor dye-labeled goat anti-rabbit antibody (1:40; Invitrogen) for 60 min at room temperature. After three rinses in PBS, the slides were mounted in Vectashield (Vecto Laboratories) and examined using a Leica TCS STED (Leica Microsystems).
Cell Cycle Analyses
The distribution of cells at different stages in the cell cycle was estimated by flow cytometric analysis. Briefly, 5 Â 10 5 cells were incubated at 37 1C in triplicate 10-cm plastic dishes. To synchronize them in G0, the HCF cells were starved by serum deprivation for 48 h. After restimulation with medium containing 10% FBS, cells passed through the cell cycle synchronously and were incubated for 24 h/48 h. Cells from the different conditions were trypsinized, washed in PBS, fixed in 70% ethanol, and stored at 4 1C for 2 h. An aliquot (1 ml) of the fixed cell suspension was washed twice in PBS. The fixed cells were treated for 30 min at 4 1C in the dark with 40 mg of propidium iodide and 0.1 mg of RNase A, and then analyzed by flow cytometry. The percentage of cells in each cell cycle phase (G0/G1, S, or G2/M) was calculated by using ModFit LT Software (Becton Dickinson).
Statistical Methods
The statistical analysis was performed using the one-way ANOVA and Student's t-test. P-values o0.05 were regarded as statistically significant.
RESULTS

RHAMM and Epiregulin Are Highly Expressed in HCF Cells
The microarray analysis identified 26 genes whose expression was 46.0-fold higher in HCF cells than SK-1 cells ( Table 1) . As the SK-1 cells were osteoblasts derived from normal human jaw bone, we used them as a normal control for HCF cells. RHAMM mRNA was expressed at 6.06-fold higher levels in HCF than SK-1 cells. Epiregulin mRNA was also highly expressed at 8.06-fold higher levels in HCF cells (Table 1) . Epiregulin is a ligand for the EGFR. 28 Expression of RHAMM and epiregulin protein in HCF cells was confirmed by western blotting (Figure 1 ). EGFR protein expression was detected in HCF cells.
RHAMM Associates with ERK and Is Essential for ERK Phosphorylation
To determine whether RHAMM is necessary for the growth of HCF cells, we performed the siRNA-mediated knockdown of RHAMM. After elimination of the gene by siRNA, the protein expression was clearly suppressed in HCF cells ( Figure 2a ). The cell growth was significantly decreased by the knockdown of RHAMM compared with the control (*Po0.01) (Figure 2b ). In an effort to identify the mechanisms by which the RHAMM-mediated cell growth occurs, we focused on the activation of Raf-MEK-ERK signaling. Western blotting revealed that levels of phosphorylated Raf-1 and MEK1/2 in RHAMM-knockdown cells were not attenuated in comparison with the control cells (Figure 2c ). On the other hand, RHAMM knockdown inhibited phosphorylation of ERK1/2 ( Figure 2c) . The results suggest RHAMM may have an important role in the phosphorylation of ERK. To determine whether RHAMM can associate with ERK1/2, an immunoprecipitation assay was performed. Cell lysate pretreated with HA was immunoprecipitated with the anti-RHAMM antibody or anti-ERK1/2 antibody and immunoblotted. As shown in Figure 2d , RHAMM was found to be associated with ERK1/2 in the presence of HA. ERK1/2 was also found to be associated with RHAMM in an immunoprecipitation assay for ERK1/2 ( Figure 2d ). The immunoprecipitation assay for ERK revealed increased phosphorylation of ERK1/2 in the presence of HA. RHAMM is thought to associate with and function as an activator of ERK in other types of cells. 20, 21 Our results support the notion that RHAMM can associate with ERK and is essential for activating ERK1/2 in HCF and other cells.
RHAMM Is Required for Epiregulin-Induced Activation of ERK
To clarify the effect on growth in the presence of exogenous epiregulin, the cells were exposed to medium with 1% FBS containing a recombinant epiregulin for 7 days. Maximal growth of the HCF cells was observed in the presence of (Figure 3a) . Furthermore, levels of phosphorylated EGFR, Raf, MEK, and ERK were increased after 60 min in the presence of epiregulin, and inhibited by the addition of the anti-EGFR antibody or EGFR inhibitor (Figure 3b ). The phosphorylation of the EGFR, Raf, MEK, and ERK was evaluated by comparing the integrated density of phosphorylated bands on western blots. We performed densitometric scanning using Kodak Digital Science 1D Software (Kodak) and calculated the levels of phosphorylated EGFR, Raf, MEK, and ERK in comparison with the control values. The epiregulin-induced phosphorylation of EGFR, Raf, MEK, and ERK was significantly inhibited by the anti-EGFR antibody and the EGFR inhibitor (*Po0.01) (Figure 4 ). These results suggested that epiregulin could function as a ligand of the EGFR and induce cell proliferation via the Raf-MEK-ERK pathway. In the RHAMM knockdown cells, the epiregulininduced phosphorylation of ERK was also decreased (Figure 3b ). The epiregulin-triggered phosphorylation of ERK1/2 was significantly blocked by the knockdown of RHAMM (*Po0.01) ( Figure 4 ). Figure 4 Quantitative analysis of the phosphorylation of EGFR, Raf-1, MEK1/2, and ERK1/2 in the presence of epiregulin. The levels of phosphorylated EGFR, Raf, MEK, and ERK were evaluated by the density of phosphorylated bands on western blot and calculated in comparison with the control values (phosphorylation level: 1.0). The results are expressed as the mean±s.d. Epiregulin-induced phosphorylation of ERK1/2 was significantly blocked by the RHAMM knockdown (*Po0.01).
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RHAMM seems to act as an activator of ERK in signaling downstream of the EGFR. Collectively, these results indicate that epiregulin operates in an extracellular autocrine loop via EGFR, so that the receptor can be activated constitutively in HCF cells.
RHAMM Is Required for HA-Induced Phosphorylation of ERK Through a Mechanism Based on the CD44-EGFR
CD44 is thought to function as a receptor for HA and to have a major role in HA-mediated signaling. We confirmed that not only CD44 but also RHAMM was able to bind to exogenous HA in hyarulonan-binding assays (Supplementary Figure 1a) . To ascertain the effect on the growth in the presence of HA, the cells were exposed to the medium with 1% FBS for 7 days. Maximal growth of the HCF cells was observed at 10 mg/ml of HA (data not shown). The growth was significantly increased under HA (10 mg/ml)-added conditions compared with the control after 7 days (*Po0.01) (Figure 5a ). HA-induced cell growth was significantly blocked by the knockdown of RHAMM (*Po0.01) as well as in the presence of the anti-CD44 antibody (*Po0.01) ( Figure  5a ). Interestingly, HA-induced cell growth was also inhibited by the EGFR inhibitor (*Po0.01) (Figure 5a) . The results raised the possibility that activated EGFR contributes to the HA-induced growth of HCF cells.
To clarify whether the EGFR could be activated in response to exogenous HA, we examined the levels of HA-induced EGFR phosphorylation by western blotting. An elevation in the levels of phosphorylated EGFR was observed at 30 min after the HA treatment (Figure 5b ). Densitometric analysis of the western blotting results revealed the phosphorylation of EGFR to be significantly increased in the presence of HA (Figure 5c ). Moreover, it was significantly decreased in the presence of the anti-CD44 antibody (*Po0.01) or EGFR inhibitor (*Po0.01) (Figure 5c ). The results suggested that the HA-induced phosphorylation of the EGFR was significantly suppressed by the anti-CD44 antibody. The activation of EGFR might be mainly provoked by CD44's activation. It is a novel finding that CD44-HA binding modulates the augmentation of the activation of EGFR. The phosphorylation of Raf, MEK, and ERK was examined in the presence of HA (10 mg/ml) by western blotting (Figure 5d ). Levels of phosphorylated Raf-1 and MEK1/2 were increased after 30 min (Figure 5d ). The phosphorylation of ERK1/2 was increased at 15 min (Figure 5d ). HA-induced phosphorylation of Raf-1, MEK1/2, and ERK1/2 was inhibited by the anti-CD44 antibody (Figure 5e ). Densitometric analysis of the western blotting results showed that the levels of phosphorylated Raf-1, MEK1/2, and ERK1/2 were significantly reduced in the presence of the anti-CD44 antibody (*Po0.01) (Figure 6 ). The results raise the possibility that CD44 is a major receptor for HA and can activate the Raf-MEK-ERK signaling pathway via the activation of EGFR. HA-induced ERK phosphorylation was inhibited by the RHAMM knockdown (Figure 5e ). The level of phosphorylated ERK1/2 was significantly reduced by the RHAMM knockdown (*Po0.01) (Figure 6 ). Consistent with previous data, RHAMM is thought to be involved in the activation of ERK in the presence of HA. RHAMM can associate with ERK and is required for HA-induced phosphorylation of ERK. HA-induced phosphorylation of Raf-1, MEK1/2, and ERK1/2 was inhibited by the EGFR inhibitor (Figure 5e) . Moreover, the levels of phosphorylated Raf-1, MEK1/2, and ERK1/2 were significantly inhibited by EGFR inhibitor (*Po0.01) (Figure 6 ). These results raised the novel idea that EGFR promotes the activation of Raf-MEK-ERK signaling in response to the binding of HA to CD44.
RHAMM Associates with TPX2 in the Presence of HA It has been reported that RHAMM interacted with spindle-assembly related protein, TPX2, in myeloma cells. 26 Therefore, we performed an immunoprecipitation assay to investigate whether RHAMM can associate with TPX2 in HCF cells. As shown in Figure 7a , the RHAMM protein was found to be mainly associated with TPX2 in the presence of HA by immunoblotting. TPX2 was also found to be 
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associated with RHAMM in response to exogenous HA (Figure 7a ). Furthermore, we performed double-immunofluorescence staining of RHAMM and TPX2 to clarify the localization of these proteins. In the absence of HA, RHAMM was mostly observed in the cytoplasm of the cells (Figure 7b ).
TPX2 was observed in the nucleus in the absence of HA (Figure 7c ). The expression of RHAMM and TPX2 is merged in Figure 7d . Interestingly, RHAMM was detected in the centrosome and mitotic spindle of a large number of HCF cells at 60 min after the HA treatment (Figures 7e and h) . The 
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H Hatano et al treatment of cells with HA resulted in the nuclear accumulation of RHAMM. TPX2 was also detected in the centrosome and mitotic spindle under the same conditions (Figures 7f and i) . Co-localization of RHAMM and TPX2 could be found in the nucleus (Figures 7g and j) . These results suggest that RHAMM can move to the nucleus immediately and associate with TPX2 at the mitotic spindle and centrosome in response to HA. It is thought that HA can facilitate the distribution of RHAMM in HCF cells.
RHAMM Is Required for HA-Induced Activation of Aurora A Kinase
We demonstrated that RHAMM could interact with TPX2, which has a significant role in activating spindle-related kinase. To clarify the activities of mitotic spindle-related kinase, we further examined the activation of Aurora A kinase by western blotting. The phosphorylation of Aurora A kinase was increased at 3 h after HA treatment and decreased by the RHAMM knockdown ( Figure 7k ). Densitometric analysis of the western blotting results showed the levels of phosphorylated Aurora A kinase to be significantly increased in the presence of HA (*Po0.01) and significantly decreased by the knockdown of RHAMM (*Po0.01) (Figure 7l ). Aurora A kinase might therefore be a downstream target of RHAMM/TPX2 in the nucleus. The results raise the new idea that RHAMM is essential for the activation of Aurora A kinase. We performed a flow cytometric analysis to assess the cell cycle progression of the RHAMM-knockdown cells in the presence of HA. In HA-added control cells, the percentage of the cells in the G2/M phase was 3.8 ± 1.3% at 0 h and 47.9 ± 1.0% at 48 h (Figure 7m ). In the RHAMM-knockdown cells, this percentage was 2.6 ± 0.45% at 0 h and 16.2 ± 0.74% at 48 h (Figure 7m ). The percentage of cells in the G2/M phase was considerably reduced in the RHAMM-knockdown cells compared with control cells at 48 h under HA-added conditions. These results indicated that RHAMM was involved in the accumulation of G2/M cells and has an important role in cell cycle progression in HCF cells. Taken together, the present results indicate that RHAMM/TPX2 interaction participates in activating Aurora A kinase and are consistent with the finding that RHAMM is required for the accumulation of cells in the M phase.
DISCUSSION
In this study, RHAMM was found to positively regulate ERK in cementifying fibroma cells. The signaling mediated by mitogen-activated protein kinases (MAPKs) has been shown to have critical roles in the regulation of cell growth and differentiation. 34 Recent studies have raised the possibility that RHAMM could regulate MAPKs such as ERK, which control the expression of proteins relevant to cell proliferation and motility. 21 However, the precise mechanism by which RHAMM responds to the intracellular signaling pathway in mammalian cells is not well understood. We found that RHAMM could associate with ERK and promote the growth of HCF cells. Our findings are consistent with prior research showing that RHAMM has a significant role in controlling MAPKs.
Several previous studies have demonstrated that RHAMM is able to mediate HA-induced signaling in several types of cells. 19, 20 Consistent with previous findings, RHAMM was found to be involved in HA-dependent signaling in HCF cells. In the presence of HA, RHAMM could function as a downstream target of CD44 and positively control the growth of HCF cells through a mechanism involving ERK. Given that the HA-induced phosphorylation of Raf, MEK, and ERK was reduced by inhibition of CD44, the Raf-MEK-ERK pathway could be major target of CD44. It is noteworthy that RHAMM was expressed in the centrosome and mitotic spindle and was associated with TPX2 in the presence of HA. Although the mechanisms through which RHAMM moves into the nucleus remain unknown, RHAMM and TPX2 seem to have important roles in the progression of the cell cycle. Given that the accumulation of cells in G2/M phase was inhibited by the knockdown of RHAMM, the association of RHAMM with the centrosome might ensure proper mitotic events in the cell cycle. However, complete inhibition of the cell cycle at G2/M was not observed in the RHAMMknockdown HCF cells. The spindle-assembly checkpoint ensures the fidelity of chromosomal segregation and has an important role in cell cycle progression in the M phase. 35 Therefore, an alternate mechanism such as the spindle-assembly checkpoint may affect the regulation of the cell cycle in HCF cells. In vivo, HA is a widely distributed component of the extracellular matrix, which is an important regulator of cellular proliferation, differentiation, and survival. 36 In malignant cells, RHAMM is also likely to induce tumor progression by driving centrosome amplification and mitotic-spindle aberrations under HA-abundant condition. 37 These results indicate that the function of RHAMM might be affected by the tumor microenvironment, including the extracellular matrix. In addition, we found that the HAinduced phosphorylation of Aurora kinase was inhibited by the elimination of RHAMM. RHAMM was thought to be involved in the activation of Aurora A. At the metaphase spindle, TPX2 is required for not only spindle pole integrity but also the activation of Aurora A in mammalian cells. 38 Consequently, it is proposed that TPX2/RHAMM interaction is essential for the cell cycle progression through the activation of Aurora A.
EGF family ligands take part in the progression of cellular proliferation, migration, and angiogenesis. 39 Epiregulin is a novel EGF ligand. 27 In HCF cells, epiregulin was highly expressed and could function through an extracellular autocrine loop involving the constitutively activated EGFR. Epiregulin was able to stimulate the Raf-MEK-ERK signaling pathway in this study. These results support the idea that the constitutively activated EGFR has a fundamental role in the growth mechanisms of HCF cells. In addition, we have identified that epiregulin-induced ERK phosphorylation was Interestingly, our studies disclosed that HA evoked the phosphorylation of EGFR in HCF cells. Furthermore, HA-induced cell proliferation was repressed by an EGFR inhibitor. This inhibitory effect appears to be mediated by the inhibition of EGFR activation. It seems likely that the downregulation of HA-induced cell proliferation was mostly due to the blocking of CD44-induced enhancement of the EGFR phosphorylation. Hence, our results raised the hypothesis that EGFR could respond to CD44 activation and participate in the HA-induced signaling pathway. Furthermore, HA-induced EGFR phosphorylation could be suppressed by inhibition of CD44. Our results suggest that CD44-HA binding has a pivotal role in augmentation of the activation of EGFR. Recently, Bourguignon et al 40 reported that HA provoked interaction between CD44 and EGFR in squamous cell carcinoma cells. This report supports the notion that CD44 can participate in the activation of EGFR in response to HA.
The HA-induced phosphorylation of Raf, MEK, and ERK was substantially attenuated by the EGFR inhibitor, which blocked tyrosine kinase activity of EGFR. These results raise the possibility that the HA-induced activation of MAPKs mainly depends on the EGFR. Based on these results, we propose that the EGFR has an essential role in the cell proliferation elicited by HA. Figure 8 schematically represents our conclusion that RHAMM functions as an activator of ERK, thought to be regulated by the epiregulin-induced activation of EGFR and the HA-induced activation of CD44/EGFR. Here, we report that RHAMM induces proliferative activity through a novel mechanism based on the CD44-EGFR. Moreover, it is novel finding that RHAMM has a pivotal role in activation of Aurora A in the nucleus. The EGFR-RHAMM/ERK signaling pathway has been implicated in growth and the cell cycle in HCF cells.
Cementifying fibroma usually consists of multiplied fibroblasts that produce extracelluar collagen fibers and osteoblastic cells on the surface of spherules-bone/cementum granules. HA is part of the extracellular matrix and likely to modulate tumor cell growth in the microenvironment of cementifying fibroma. Abundant biosynthesis of HA may positively regulate the growth of cementifying fibroma cells in a RHAMM-ERK-dependent manner.
In the in vivo study, we found that RHAMM protein expression could be observed in most of several cementifying fibroma cases examined (data not shown). Moreover, expression of RHAMM protein was detected in cells from the fibrous region of the tissues. These findings suggest that RHAMM might be expressed more generally in cementifying fibromas and have an important role in the growth of the cells. Additionally, we examined the mineralizing activity of HCF, but found the degree of activity to be lower than that of normal osteoblasts (Supplementary Figure 1b) . The relationship between the RHAMM gene and differentiation including calcification especially in osteobasts or Figures 1c, 1d , and 1e). ALP activity is thought to be early osteogenic marker. These observations suggest a mechanism by which RHAMM/ ERK functions as a negative regulator of mineralization in HCF cells. Recent studies showed that ERK-MAPK activity is associated with anti-osteogenesis in osteoblasts. [41] [42] [43] A MAPK inhibitor as well as a dominant negative MEK1 enhanced the differentiation of osteoblasts. 41, 42 These findings in vitro have significant implications in explaining the inhibitory effect on the differentiation of ERK-MAPK. Taken that the elimination of RHAMM represses the activation of the ERK, it is assumed that RHAMM/ERK can function as a negative regulator for osteogenic features of HCF cells. In addition to its role in cell proliferation, RHAMM could serve as an anti-osteogenic factor in the osteolytic stage in cementifying fibroma. RHAMM expression may be linked to characteristic features of cementifying fibroma, including cellular proliferation and differentiation. We conclude that RHAMM has a major role in the growth, cell cycle, and differentiation of cementifying fibroma cells.
